We have analyzed the stability of betalains in juices prepared from Moroccan yellow cactus pears (Opuntia ficus indica (L.) Mill.) as a function of temperature and pH. The experiments were carried out at temperatures ranging from 80 to 100°C with juices at pH 3.5, 5 and 6.5. The degree of pigment retention decreased when the temperature increased. The degradation constant rates were determined for thermal degradation rates of pseudo-first order. The Arrhenius plot obtained for the degradation of betaxanthin from the yellow fruits was not linear. Regardless of the temperature of treatment, the lowest degradation was obtained for pH 5. When some stabilizers were tested for the protection of pigments, the results showed that ascorbic acid was a better protective agent at pH 3.5, increasing the protection by 40%. The inhibitive action of betalain pigments extracted from cactus pears towards corrosion of stainless steel in phosphoric acid was investigated using electrochemical polarization and electrochemical impedance spectroscopy (EIS) methods. It was found that the presence of natural pigments reduces the corrosion rate of the tested metal, especially on addition of the red pigments (97%). The inhibition efficiency increases as the pigment concentration of extracts increases. It was also found that the pigments tested act as mixed inhibitors. The inhibitive action of the extracts is discussed in term of adsorption and that such adsorption follows a Langmuir adsorption isotherm. The calculated values of the free energy of adsorption indicated that the adsorption process is spontaneous.
Since World War II, consumption of fresh food has decreased while that of processed foods has increased. Despite the care taken during processing, the natural content of pigments may be altered and⁄ or destroyed, resulting in the decrease of the commercial and⁄ or nutritional value of the product. It is thus necessary to incorporate pigments to restore the original color. Similarly, the preparation of fortified products requires the addition of pigments to the products [1] [2] [3] . Therefore, food color has become a crucial issue to food manufacturers [4] [5] [6] . On the other hand, the restrictions on artificial food colorants have risen because they may confer the product with allergenic and⁄ or intolerance properties [7, 8] . As a consequence, the demand for natural pigments has increased as compared with synthetic colorants [9, 10] .
However, the demand for natural colorants cannot always be satisfied because of limited supply of raw materials, and pigment production using conventional plant cultivation methods is strongly influenced by climatic conditions, plant cultivars and varieties [11] . Consequently, a part of plant pigment research is today oriented towards finding new sources of pigments and⁄ or food products; among these is the cactus pear, which is the fruit of Opuntia ficus indica (Cactaceae) . From the pigment point of view, cactus pear pulp contains water-soluble betalain pigments that are accumulated into the vacuole. Betalains is a generic term designating red and yellow families of pigments called betacyanins and betaxanthins, respectively. Pigment analyses have indicated that the main betacyanin and betaxanthin in cactus pear are betanin and indicaxanthin, respectively The chemical structure of these pigments derives from betalamic acid and, depending on the components bonded to the main structure, betacyanins or betaxanthins arise, the former when the group is 3,4-dihydroxyphenylalanine (DOPA), which may or may not be glycosylated, and the latter if the conjugation partners are amino acids or derived amines. Analyses of cactus pear pigment extracts have indicated the presence of purple-red betanin and yellow orange indicaxanthin, changes in the proportions of which confer the different colors to the fruits [12] [13] [14] [15] . Beside their coloring property, betanin and indicaxanthin have antioxidant activities [16] [17] [18] [19] .
The use of cactus pears is of particular interest to the economy of arid regions [20] [21] because this plant constitutes a very important food source, presenting high nutritional and fitness properties [22] [23] [24] that are utilized by the populations living in these areas [25] . In addition, the plant is used in traditional medicine for its hypoglycemic and hypolipidemic actions [26] [27] [28] . Flowers, stems, fruits and its juices present interesting health properties, such as anti-inflammatory activity [29] [30] and liver protection [31] . Altogether, it appears that cactus pear presents a strong potential source of pigments and juices for food industries. Although experiments to extract juices from cactus pear have been published [32] , it is still necessary to characterize the chemical properties, such as resistance to heat and to acidity changes of the pigments. Several authors have attempted to assess the betalain content of O. ficus indica of different origins and to study the stability of these pigments, for instance by thermal treatment [13, [33] [34] [35] .
Phosphoric acid is a major chemical product which has many important uses, especially in the production of fertilizers. Most of the acid is produced from phosphate rocks and treatment with an acid solution of either H 2 SO 4 or HCl. The crude H 3 PO 4 is filtered and concentrated in evaporation units. There is a great need to protect the steel used in the phosphoric acid industry from corrosion. Among the several methods of corrosion control and prevention, the use of corrosion inhibitors is very popular. Large numbers of organic compounds were and are being studied to investigate their corrosion inhibition potential. It has been revealed that organic compounds, especially those with N, S and O, showed significant inhibition efficiency. However, unfortunately, most of these compounds are not only expensive but also toxic to living beings.
Plant extracts have become important as an environmentally acceptable, readily available and renewable source for a wide range of inhibitors. Many works have been performed to examine extracts from natural sources [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . These organic compounds are either synthesized or extracted from aromatic herbs, spices and medical plants. Naturally occurring antioxidants are cheap and environmentally safe substances. Their use as corrosion inhibitors has been preferred. One of these sources is O. ficus-indica, because of its content of betalains. It has been reported that Opuntia extract inhibits aluminum corrosion in HCl solution with an inhibition efficiency of about 96% [51] , but little work has been done on the inhibition of steel in H 3 PO 4 solution [52] . This encouraged us to examine plant extracts as a corrosion inhibitor of steel in 30% H 3 PO 4 [53] [54] .
The objectives of this study were to estimate the potential of yellow cactus pear grown in Morocco as a source of juices and to examine its betacyanin and betaxanthin pigments as an inhibitor for corrosion of stainless steel in 30% H 3 PO 4 solution. UV spectrophotometry, electrochemical polarization and EIS measurement were used to reach this objective.
Thermal stability of the pigment: As processing and storage of extracted pigments and food are affected by several factors, such as pH, temperature, oxygen, light and water activity [4] , the aim of this part of the study was to measure the effect(s) of temperature alone, as well as in combination with changes in pH on pigment stability.
When juices extracted from yellow fruits were submitted to heat treatments of different intensity, we observed that the pigment loss did not increase linearly with temperature ( Figure 1 ). Our results contrasted with those obtained by other researchers [13, 34] , who observed that the yellow pigments became very sensitive to temperatures higher than 70°C. In a previous study, after 30 min of heating at 90°C, 90% of the pigments had been destroyed. In our samples, a similar treatment resulted in a pigment loss of only 60%. Therefore, the pigments contained in juices prepared from Moroccan yellow cactus pear seem to exhibit a particular resistance to heating. In order to better characterize the resistance of the yellow pigments to thermal treatments, the kinetics of pigment degradation were recorded at each temperature (data not shown). As expected from the data presented in Figure 1 , the degradation kinetics recorded for temperatures higher than 90°C were very similar to each other.
The good fits of the ln A482 nm vs. time data imply that degradation of the yellow pigments followed pseudo firstorder reaction kinetics, differing by their rate constants, for which the values for temperatures higher than 90°C were approximately three times larger than those obtained for temperatures lower than 90°C (data not shown). Many deterioration processes in food materials have been modeled with the Arrhenius-type temperature dependence [34, 55] . The plot of ln k against 1⁄T (K) (Arrhenius plot) showed no linear relationship between the two parameters ( Figure 2 ), suggesting that at least two processes with distinct activation energy were involved in thermal degradation of the pigments of yellow juice. Alternatively, the yellow juice may contain two molecules having the same chromophore, but for which degradation would require different activation energies. Additional
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Natural Product Communications Vol. 6 (10) 2011 1427 experiments using HPLC and HPLC-MS were required in order to determine the molecular structure of the different pigments in the untreated juice. Another possibility to explain our results is to consider the interaction(s) between pigments and other juice component(s), which may modify the effect of temperature on the pigments. In our analysis, the interactions with other juice component(s) seemed to influence the effect of temperature on the pigments, as illustrated in Figure 4 . It is also important to underline that our Arrhenius plots have been constructed on a reduced temperature interval, which is usually unexplored. Effect of pH on pigment thermal stability: In order to ensure microbial stability of cactus pear juices after heat treatment, a large acidification would be necessary, because the juice naturally exhibits a slight acid value [56] . Because natural pigments are sensitive to such a treatment [6, [57] [58] , we evaluated whether acidity can speed up or dampen the effect of temperature treatment. For these experiments, the acidity of the juices was adjusted to a selected pH value before heat treatment. From the data presented in Figure 3 , we expected that the higher the temperature and length of treatment, the greater would be the pigment degradation. This was indeed the case throughout the whole range of pH tested ( Figure 3 ). Regardless of temperature and length of treatment, the highest stability was always obtained at pH 5, whereas the most degradative condition was at pH 3.5. To some extent, the results were similar to those obtained for isolated betaxanthins [34, 59] .
Stabilizers and storage effect: Another important aspect for commercial juice is its shelf life. This can be prolonged through the incorporation of additives such as ascorbic or citric acids [60] . Although fruit juices are naturally rich in both compounds [56] , the addition of 40 mM of either additive increased pigment stability in the yellow juices ( Figure 4 ).
Open-circuit potential measurements:
The open circuit potentials of stainless steel in the absence and presence of pigment extracted from cactus pear fruits were traced over Potentiodynamic study: The polarization curves of steel in 30% H 3 PO 4 devoid of and containing 0.2 mL/L extracted pigments at 293°K are presented in Figure 6 . In the presence of these extracted pigments the cathodic current potential curves gave rise to parallel Tafel lines indicating that the hydrogen evolution reaction is activation controlled and the presence of compounds tested did not modify the mechanism of this reaction. In the anodic domain, the addition of these pigment extracts decreased the current densities in the large domain of potential; this decrease is very important in the presence of red pigment in both anodic and cathodic domains. The collected parameters deduced from the polarization curves, such as the corrosion potential (E corr ), corrosion current (I corr ), cathodic and anodic Tafel slopes (B c , B a ), and percentage inhibition are shown in Table 1 .
1428 Natural Product Communications Vol. 6 (10) 2011 El Gharras The inhibition efficiency (E%) is determined by using equation (1) . The inhibition efficiency (E%) of the red pigment is higher than that of the yellow; this behavior can be attributed to the presence of more electron donor groups in the molecular structure of red pigments. This propriety favors the adsorption of red pigments [44] [45] [46] .
EIS measurements:
The results of the potentiodynamic polarization experiments were confirmed by impedance measurements, since electrochemical impedance spectroscopy (EIS) is a powerful technique in studying corrosion mechanisms and adsorption phenomena [40] . The experimental impedance results are simulated to pure electronic models that can either verify or rule out mechanistic models and enables the calculation of numerical values corresponding to the physical and/or chemical properties of the electrochemical system under investigation.
The effect of the presence of the pigment extract on the corrosion behavior of the steel electrode in phosphoric acidic solutions was investigated. Nyquist plots for the steel electrode in the absence and then presence of extracts in phosphoric solutions are presented in Figure 7 . The locus of Nyquist plots is regarded as one part of a semi circle in the absence and presence of red pigments, but in the presence of yellow pigments the Nyquist plots are not perfect semicircles. This feature has been attributed to frequency dispersion of interfacial impedance [42] ; this anomalous phenomenon may be attributed to the non-homogeneity of the electrode surface arising from either surface roughness or interfacial phenomena [43, 44] .
The inhibition efficiency, as determined from EIS methods, was found to vary in the order of yellow pigment then red pigment, which is in good agreement with the result obtained by potentio dynamic measurement. This result is mainly due to the polarity of the molecule. It is well known that different substituents of the molecule polarize the functional group in a different manner [45] .
Impedance parameters derived from this investigation are given in Table 2 . In the presence of pigment extracts, the R tc values increased, but C dl values tended to decrease. The decrease in C dl values suggested that red pigments function by their adsorption at the metal-solution interface [46] with a decrease in local dielectric constant and /or an increase in the thickness of the electrical double layer. Our analysis, in agreement with data from the literature, showed that the betaxanthin molecules of the yellow juice were especially resistant to heat degradation. This result makes the juice suitable for any type of heat treatment (from UHT to classic sterilization). Regarding the protection of pigments, our data showed that ascorbic acid was a better protective agent at pH 3.5, increasing the protection by 40%. However, this enhanced protection decreased during storage, but remained significant compared with samples prepared without additives. Similar trends were observed at each temperature and length of treatment in the yellow juice.
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The results of experimental studies showed that the pigment extracted from reddish cactus pear juices act as a good inhibitor for 316L stainless steel in 30% H 3 PO 4 solution. The inhibition efficiency of pigment extracts increases with the concentration to attain a maximum value of 97% at 1 mL of pigment extract. The inhibition action of the extracts was attributed to the physical adsorption of its compounds, mainly betanin and indicaxathin, onto the steel surface. We revealed also that the extract acts as a mixed inhibitor.
Experimental
Plant material: Mature Moroccan cactus pears (Opuntia ficus indica) of yellow and red color were used in this investigation. The fruit samples were harvested in July from the region of ElKelaâ (at the center of Morocco, c. 100 km north-west of Marrakech), washed in tap water, peeled and stored at -20°C. The pulp and juice were separated from seeds by filtration (Whatman, NJ, USA).
The pH values of the juices were 6 to 6.1. The juices were kept at -20°C until taken for analysis. In the following, we will refer to the filtered juices as juice. All experiments were performed in triplicate. The results are given as average values.
Pigment analysis and quantification:
The pigments were extracted from the filtered juice. The juice was homogenized in methanol (analytical grade, Aldridge, Deisenhofen, Germany) (1:5, v/v) and magnetically stirred for 1 min. The homogenate was filtered through a 0.45µm nylon filter (Whatman, USA). UV-visible absorbance spectra of the extracts were recorded using a double-beam spectrophotometer (Shimadzu UV Visible 160A, Tokyo, Japan) equipped with 1 cm optical-path quartz cells.
Evaluation of thermal stability:
Only results from red fruits are shown. Heat degradation studies were conducted in a temperature-controlled water bath at different temperatures. For this purpose, glass test tubes were filled with 5 mL of juice and closed tightly in order to avoid changes in water activity of the juice during heating. The tubes were placed in a closed, thermostatically controlled water bath at temperatures ranging from 80 to 100°C for different time periods ranging from 5 to 30 min. After heat treatment, the samples were instantly cooled on ice for 2 min.
Absorption spectra of the solutions were recorded both before and after treatment. The amount of pigments lost was calculated with the following formula: Linear regression analysis was used to obtain the degradation rate constant (k) for all samples. The dependence of reaction rate constants on temperature was modeled using the Arrhenius equation (2) .
Where R is the gas constant and E a is the activation energy.
Effect of pH modifications on thermal stability of pigments:
The pigments were extracted and their stability to heat and pH treatments was measured. The study of the effect of pH on thermal stability was performed using either HCl (0.1 M, analytical grade, Aldrich) or sodium hydroxide (0.025 M, analytical grade, Aldrich) at pH values of 3.5, 5.0 and 6.5. The adjusted solutions were heated at either 85° or 100°C, as described before, for different periods ranging from 5 to 30 min.
Effects of the presence of stabilizers and ⁄ or storage time on pigment stability: Citric acid and ascorbic acid (pure, Aldrich) were used as stabilizers. A 40 mM final concentration of either citric acid or ascorbic acid was added to the pigment solutions previously adjusted to pH 3.5, 5.0 and 6.5. The solutions were heated at 100°C for 30 min, then cooled to 4°C and stored in complete darkness for either 1 or 7 days at this temperature. The absorbance spectra were recorded both before and at the end of heating and storage. 
Electrochemical measurements:
Electrochemical measurements were carried out in a conventional threeelectrode electrolysis cylindrical Pyrex glass cell. The temperature was controlled at 288±1K. The working electrode (WE) in the form of a rectangular cut from steel, had a geometric area of 1 cm 2 . A saturated calomel electrode (SCE) and platinum electrode were used as reference and auxiliary electrodes, respectively.
Before each experiment, the working electrode was polished mechanically using successive grades of emery paper up 2000 grit, rubbed with a smooth polishing cloth, then washed with double distilled water and transferred quickly to the electrochemical cell. The impedance measurement and polarization measurements were performed using the voltalb 10 PGZ 100 piloted by master 4 software for calculation of corrosion parameters (corrosion current density, corrosion potential, resistance of polarization and Tafel constants). The potentials were measured against and referred to the saturated calomel electrode (SCE). All potentiodynamic polarization measurements were carried out using a scan rate of 10mVs -1 . In the case of the polarization method the relation (3) determines the inhibition efficiency (E%). I°c orr and I corr are the uninhibited and inhibited corrosion current densities, respectively, determined by extrapolation of cathodic and anodic Tafel lines to corrosion potential.
Electrochemical impedance spectroscopy (EIS) was carried out at E corr after immersion in solution. After the determination of steady-state current at a given potential, sine wave voltage (10mV) peak to peak, at frequencies between 100 KHz and 10 MHz were superimposed in the rest potential. The computer programs automatically controlled the measurements performed at rest potentials after 30 min of exposure. The impedance diagrams are given in the Nyquist representation. The inhibition efficiency, obtained from the charge transfer resistance, was calculated from the following equation:
Where R cto and R ct , are respectively, the charge-transfer resistance values of stainless steel with and without inhibitor.
